in an attempt to fulfil the need for a safe, easily repeatable method of quantitating cardiac function. Earlier attempts to use simple scintillation probes and low frequency data for evaluation of the left ventricle after a right-sided
, in severe bronchial obstruction, and as a result of massive right ventricular dilatation in the presence of normal pulmonary blood volume. This method, which can be frequently performed, has proved useful in serial evaluation of cardiac function at the bedside.
The ability to quantitate left ventricular function at the bedside would be an important aid for the care of the seriously ill patient, especially if the measurement could be repeated frequently. Not only would such information be of value in the management of the individual patient, but it would provide the basis for evaluation of various forms of therapy. External monitoring of the passage of a bolus of radioactive tracer through the central circulation has been developed over the past 25 years (Prinzmetal et al., 1948) in an attempt to fulfil the need for a safe, easily repeatable method of quantitating cardiac function. Earlier attempts to use simple scintillation probes and low frequency data for evaluation of the left ventricle after a right-sided injection failed because of the difficulties in analysing the complicated functions resulting from the passage of the bolus through the right heart chambers and lungs (Bianchi et Dyke et al., 1972; Weber et al., I972) . This information, combined with the classic information obtainable from the low frequency part of the data (cardiac output and pulmonary blood volume), provides an abundance of clinically useful information.
Since it is not easy to locate the scintillation camera and its associated data storage system at the patient's bedside, the use of an easily portable, properly collimated single probe with direct strip chart recording has been investigated. The technique requires determining the mid-point of the left ventricle from a chest film, the introduction of a central venous catheter, and recording first from the left ventricle and subsequently from surrounding tissues after eclipsing the left ventricle. Results from the serial study of patients with stable or changing cardiac and pulmonary function are presented.
The single probe praecordial radioisotope content curve consists of i i parts, each of which provides evidence of central circulatory function (Fig. I ).
Methods
In order to measure blood volume (which is required for calculating cardiac output by the externally monitored radioisotope method) one must inject agents such as 99mTechnetium-albumin (Benjamin, Rejali, and Friedell, I970) or ionic 113MIndium, which remain within the vascular compartment. When ll3mIn-chloride (in gelatin solution) is injected intravenously, l13mIn binds immediately to the plasma transferrin (Hosain et al., I969; Stern et al., I967) . Because no preparation time is required for 113MIn and because its energy is suitable for use with the probe, this short-lived (I 7-hour halflife) radionuclide, which is obtained from a long-lived generator (ii8 days) has been used in the majority of the studies reported here.
We have estimated the radiation dose resulting from the administration of 1-5 mCi of ll3mIn to be 320 mrads to the blood and 30 mrads to the whole body.
Preparation of the patient for study requires inserting a catheter to the superior vena cava, taping a radioopaque marker, such as a paper clip, to the skin over the estimated mid-point of the left ventricle, and then taking a portable x-ray in the supine position. From the x-ray the position of the catheter in the superior vena cava, and the mid-point of the left ventricle relative to the Collimation for obtaining the left ventricular radioisotope count rate curve is shown at the top of Fig. 2 . A 3-5 cm circular port (in I-3 cm lead) collimator is positioned over the mid-point of the left ventricle. A bolus of i mCi 113mIn is flushed through the central venous catheter and the activity over the left ventricle recorded with the probe perpendicular to the chest wall. Recording is repeated after 5 minutes to obtain the concentration after mixing. A blood sample is taken at this time for determination of blood volume. From these two measurements, cardiac output is determined.
Collimation of the probe is then modified to the configuration shown at the bottom of Fig. 2 for recording activity immediately surrounding the left ventricle. The left ventricle is eclipsed by a 5-5 cm circular shield placed 3-5 cm out from the probe face (ii-6 cm from the sodium iodide crystal) and maintained in position by a styrofoam cone. For this recording a second bolus of 500 ,Ci ll3mIn is injected. The tails of the two records are matched by holding the two translucent records against an illuminated x-ray viewing box, and the mean background curve is traced on the left ventricular curve. From these the ejection fraction is calculated. The rationale and method for this correction have been presented in detail elsewhere (Van Dyke et al., I972) .
The pulmonary blood volume is obtained from the product of the cardiac output and pulmonary transit time using a modification of the formulation of Giuntini et al. (I963). The pulmonary transit time is estimated as the interval from the time of ejection of label from the right ventricle (75 per cent of peak value) to the time of peak count rate in the left heart. The basis of the modification used in this study is described below under low frequency events.
Results
Normal praecordial curves Fig. i Fig. 3 and 4. Fig. 3 shows a grossly abnormal pattern obtained shortly before death in a patient with a massive myocardial infarct. The possibility of the sudden onset of respiratory distress being due to pulmonary embolus was a real one. The radioisotope record was clearly that of myocardial dysfunction rather than massive pulmonary embolism (see below). Fig. 4 shows representative patterns from 21 serial studies performed over a 7-day period in the recipient of a heart transplant. Left ventricular dysfunction is apparent in the much prolonged transit time in the record obtained 3 hours after completion of the surgical procedure. Dependence of the newlytransplanted heart on isoprenaline is apparent in the 4 subsequent records. Cardiac arrest occurred shortly after the 4th record was obtained. After resuscitation and re-initiation of a dose of IO ,Lg/min of isoprenaline an entirely normal pattern with ejection fraction of 69 per cent and overall transit time of 7 seconds was recorded. From the 2nd to the 7th day, when cardiac arrest and death occurred due to rejection of the heart, deterioration was progressive (overall transit time of i6 seconds on day 7).
Transit time through the central circulation is related to cardiac output and volume of blood in the various compartments of the central circulation, as discussed later.
Normally, between the right and left ventricular peaks of the radiocardiogram there is a valley (the pulmonary valley) during which the label is in the lungs. This results in temporal separation of the right and left ventricle (Fig. i) .
The record from a patient in severe respiratory distress from multiple pulmonary thromboemboli is shown in Fig. 5 . Part A of the figure shows complete loss of the pulmonary valley (temporal separation between right and left ventricle). Introduction of the label into the pulmonary artery (shaded curve of part B) resulted in abnormally rapid labelling of the left ventricle. Giuntini. It, therefore, appears to be reasonable that the figure of 75 per cent rather than 37 per cent should be employed for this calculation in all cases. In normal subjects the fall of right ventricular activity is so rapid that it makes little practical difference which of these values is adopted. Fig. 7 shows a series of studies from another patient with initial loss and gradual reappearance of temporal separation between the right and left ventricle. This patient had severe respiratory distress due to widespread bronchial carcinoma complicated by pneumonia. FIG. 8 Another mechanism by which the pulmonary valley between R V and LV may be obliterated. In this case the PTT was normal and loss of the valley was due to massive dilatation of right heart chambers. The shaded portion (bottom) of the figure shows the pattern obtained over the LV when the radioisotope was introduced into the pulmonary artery, bypassing the dilated RV. BV=6 litres; CO=5 9 litres; HR=8o; SV=73 ml. In the LV, SV=73 ml; EF= 37 per cent; EDV= 200 ml; PBV= 5I9 ml. (Abbreviations as for Fig. 7 .) Fig. 8 illustrates another mechanism by which the pulmonary valley between right and left ventricle may be obliterated. On first examination (by pattern recognition alone) it might appear that this patient had a much reduced pulmonary blood volume. However, the pulmonary transit time was found to be 5-3 sec, or the equivalent of 7.I stroke volumes, giving a normal (520 ml) pulmonary blood volume. Introduction of the label into the pulmonary artery again indicated a normal pulmonary transit time (lower curve in Fig. 8 ), in contradistinction to Fig. 5 . Scintillation camera pictures taken during the passage of a bolus of 99mTc through the right heart showed an extremely large right atrium and right ventricle. Thus, dilatation of the right heart chambers to volumes approaching the pulmonary blood volume will result in obliteration of the pulmonary valley in the record, but not in a decrease of the pulmonary transit time between right and left ventricle.
High frequency events (left ventricular fraction) Ejection fraction is important for its intrinsic value as an indicator of left ventricular function (Dodge and Baxley, I968) and as the basis for the calculation of left ventricular end-diastolic volume (net stroke volume/ejection fraction). Changes in ejection fraction with changing left ventricular function are illustrated in Fig. 3 and 4 . A series of studies in a patient with congestive heart failure during alcoholic detoxication is shown in Fig. 9 . As can be seen, the low frequency pattern and cardiac output were not abnormal, but the ejection fraction was conspicuously depressed with only slight improvement over the 6 days during which the patient was studied. The combination of normal cardiac output and heart rate and small ejection fraction signifies a large enddiastolic volume (300 ml average value for the 5 studies), interpreted in this case as being due to depressed myocardial function in a patient with alcoholic cardiomyopathy (Evans, I96I). 
Discussion
It is necessary to appreciate that the high-frequency variation in the count rate is an expression of content rather than concentration in the cardiac chambers. It became apparent as these studies progressed that anterior oblique position and left ven umes were obtained by area length with correction for magnification (D 1960) .
Note that in the last 2 records of the in Fig. 4 
